I. INTRODUCTION
Electromigration (EM) is a mass transport process within metal conductors due to scattering events between conducting electrons and phonons. When electron wind force is large enough, ions diffuse in the same direction as conducting electrons. In the absence of a temperature gradient, EM in a thin film happens at a critical current density given by
where f is vacancy relaxation ratio defined as atomic volume over volume of a vacancy; X is atomic volume; r m is volumetric stress due to mass transport; r 0 is the initial stress; Z Ã is a dimensionless quantity called the effective charge number, which is the net effect of electron wind force and electron valence. Z* is reported to be in the range À10 to À16 for pure tin, [1] [2] [3] e is the electron charge, j is the current density in A/cm 2 , and l is length of the thin film. It can be seen that electromigration happens only when product of nominal current density and length of a thin film is above a critical value, or Blech's length. 4 The above equation suggests that to prevent electromigration damage in thin films, we either have to lower down the applied current density or use a shorter thin film.
Equation (1) is, however, effective only in thin films with uniform temperature distribution. In flip-chip electronic packaging, the interconnect to solder joint connection leads to current crowding effect in solder joint corners, which results in a much higher current density and non-uniform joule heating. It renders Blech's equation inapplicable for solder joints. Moreover, the thermal gradient causes diffusion comparable with electromigration as reported in literature. [5] [6] [7] [8] [9] The material degradation in solder joints subject to electrical current loading leads to failure due to both electromigration and thermomigration (TM).
There has been and will continue to be motivation to pack more functions and higher performance into smaller electronic devices. Due to this insatiable trend in microelectronic industry, deposited thin film conductor and solder joint size in Ball Grid Array (BGA) package have reduced continuously to enable a higher degree of integration. This miniaturization results in a continuously increased current density, which makes electromigration a major reliability concern in microelectronic solder joints. [10] [11] [12] [13] In this study, we report a complete finite element formulation, which covers governing equations description, Jacobian matrix formation, viscoplastic constitutive model, and the entropy based damage evolution model. Vacancy accumulation, stress field, and damage accumulation behavior of solder joints subjected to pulse current loadings is simulated using the formulation discussed below.
II. GOVERNING EQUATIONS
The mass diffusion process in conductors subjected to high current density and large temperature gradient is driven by four distinct forces: electron wind force, thermal gradient, chemical potential gradient, and stress gradient.
1. In studies of the electron wind force, it has been customary to distinguish two types of contribution: the one due to direct interaction between a local charge and applied field, and the other from the scattering events between conducting electrons and ions, also known as "electron wind force" as initially proposed by Skaupy. 14 This momentum exchange happens because of scattering of free valence electrons, which collide with metal ions and drag them in the electron flow direction. As a result, mass diffuses from cathode side of conductors toward the anode side. 2. Thermal gradient is the other dominant diffusion driving force. Due to the Al/Cu interconnect to solder joint corner, joule heating is generated unevenly by the heterogeneous current density distribution. Hot space typically happens at current crowding corners with temperature decreasing gradually toward the center of the cross-section, and consequently results in a large thermal gradient. Mass diffuses from high temperature to low temperature region, which is referred as thermomigration. Recent study published in literature shows that thermomigration could play a significant role in failure. [15] [16] [17] Material degradation mechanism is different for conductors under Pulse Direct Current (PDC) loadings compared with those under DC with otherwise the same conditions. The aforementioned forces are effective during current-on period in PDC, but electron wind force vanishes during the following current-off period. As discussed above, both chemical potential gradient and stress gradient retard the mass diffusion by electron wind force and temperature gradient. Diffusion that takes place during pulse-on period is partially healed during the current-off period, and causes material healing. Lifetime of conductors under PDC is longer compared with those under DC. [18] [19] [20] Damage mechanics of solder joints under electrical, mechanical, and thermal loadings can be modeled by coupling vacancy conservation, force equilibrium, heat transfer, and electric conduction processes as shown below. 13, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] A. Vacancy conservation equation
The major electromigration damage is due to the mass transportation from the cathode side to the anode side. It causes vacancy formation at the cathode side, highly localized stress concentration, and increased impedance. The vacancy transportation process is governed by a partial differential equation formulated from the conservation of mass/ vacancy principle shown in Figure 1 . Vacancy flux into an infinite element plus inside vacancy generation equals to the total change of vacancy conservation
q x is defined as vacancy flux in x direction. The free body diagram in Figure 1 is shown in 2D formulation; however, it can easily be expand into 3D. Dividing both right and left hand sides of Eq. (2) by dx Á dy Á dt, we can obtain the following formulation:
A simple mathematical transformation of Eq. (3) gives the following equation:
where C v0 is the initial thermodynamic equilibrium vacancy concentration in absence of any loadings, c is the normalized vacancy concentration defined as
with C v as vacancy concentration, rq is gradient of vacancy flux discussed below.
q is the vacancy flux that happens due to four driving forces: electric wind force, chemical potential gradient, mechanical stress gradient, and temperature gradient. It is given by
where D v is effective vacancy diffusivity, Z Ã is effective charge number considering both scattering events and electrostatic field, e is electron charge, k is Boltzmann's constant, T is temperature in Kelvin, Ø is electrical potential, f is vacancy relaxation ratio defined as ratio of vacancy volume over volume of an atom, X is atomic volume, r sp is spherical part of stress tensor, Q Ã is heat of transport defined as isothermal heat flux transmitted by mass/vacancy diffusion at a specific location over the mass flux at that point.
The first term rC in Eq. (5) is vacancy concentration gradient. According to Fick's second law, material diffuses from region of high concentration to region of low concentration, with a magnitude that is proportional to the concentration gradient. After the diffusion reaches steady state, the vacancy concentration gradient will not change direction whether PDC or AC loading is applied. Electron wind force term
kT ðrØÞc is the main EM damage mechanism. It vanishes during pulse-off time in PDC loading. cfX kT rr sp is the stress gradient driving force, which diffuses mass from compressive stressed regions to tensile stressed regions. Voids form due to the vacancy diffusion induced by the hydrostatic stress gradient itself, which is often known as Stress Induced Voiding (SIV). The mechanical stress gradient may change its direction during the initial period of time varying stressing. After a period of time, compressive stress forms at one side, and tensile stress at the other side; the mechanical driving force will not change its direction after steady state is reached. c kT 2 
Q
Ã rT is the thermal gradient driving force (thermomigration force). Material will acquire higher kinetic energy at high joule heating region, e.g., the current crowding corner where Al/Cu trace interconnect meets with solder joint as shown in Figure 2 .
At a flux divergence site, vacancies accumulate, nucleate or vanish, and this vacancy dynamics is given by
where s s is characteristic vacancy generation/annihilation time.
In order to solve the multi-physics coupled damage process, weighted residual method is used to obtain the weak form of the Partial Deferential Equation (PDE) given in Eq. (4) ððð
Substituting Eqs. (5) and (6) into Eq. (4), we obtain
Vacancy concentration distribution is expressed by
where ½N is the interpolation function matrix and dc N is vacancy concentration vector at element nodes. Substituting Eq. (9) into above Eq. (8), the weak form of the PDE is obtained
Taking derivative of Eq. (10) with respect to c, we obtain 
Vacancy concentration c of the Jacobian component couples with temperature T and displacement u as
Taking derivative of Eq. (10) with respect to u, we obtain
B. Force equilibrium equation
Mass accumulation at anode side induces a compression stress; while vacancy formation at cathode side generates tensile stress locally. Thus, a stress gradient is created. In the absence of body forces, the force equilibrium equation during current loading is given by the static equilibrium equation:
where r ij;j is derivative of stress with respect to degree of j. Total strain comes from elastic deformation, viscoplastic deformation, mass diffusion, and thermal part.
1. In solder alloys, viscoplastic deformation is mostly due to lattice dislocation motion, which is a shear stress controlled process.This type of deformation is irreversible and can be expressed as
2. Mass diffusion induces vacancy generation/annihilation in the lattice structure of material. Vacancy takes a smaller volume than atom, which causes collapse of the grain structure, or volumetric strain. It can be seen that mass diffusion only induces dilation/shrinkage of material without any deviator component, as shown in the following equation:
3. Thermal loading (temperature rise/drop) also induces expansion/shrinkage of material and has just trace components
where a is the coefficient of thermal expansion and T 0 is the initial temperature of material. Summarizing Eqs. (15)- (17), the total strain can be expressed by
The stress-strain constitutive model of material under EM/TM can thus be expressed as
where
j is bulk modulus, l is shear modulus, I is unit matrix, 1 is unit vector. Weighted residual method gives us the following weak form formulation:
Variance of displacement is expressed as
Substituting Eq. (22) into Eq. (21), we obtain
The mechanical equation couples with vacancy concentration term c and temperature T. Differentiating Eq. (23) with respect to displacement u, vacancy concentration c and temperature T gives Jacobian components K uu , K uc , and K uT
1. Viscoplastic material model
Most flip-chip electronic packages operate at temperature about 70 C, which is higher than two third of melting point of SnAgCu (SAC) solder alloy 210 C to 230 C on absolute temperature scale. As a result, solder joint undergoes viscoplasticity deformation during EM/TM process. 42 Viscoplastic model involves post-yield hardening: isotropic hardening, which causes symmetric expansion of yielding surface; kinematic hardening which is moving of the center of yield surface.
Isotropic hardening equation is given by
where r y0 is the initial yield stress at uniaxial tension, R 1 is the isotropic hardening saturation value, a is equivalent plastic strain given by Ð ffiffiffiffiffiffiffiffiffiffiffi
Kinematic hardening formulation X can be given as
Plastic flow rate is defined as
where H'(a) is kinematic hardening modulus, n is effective yield stress, c is the consistency parameter which has the following relationship with a as follows:
where A is a dimensionless parameter to describe the strain rate sensitivity, D 0 is a diffusion frequency factor, E is Young's modulus, b is characteristic length of crystal dislocation, k is Boltzmann's constant, T is absolute temperature, d is average phase size, p is phase size exponent, Q is creep activation energy for viscoplastic flow, R is the universal gas Statistical thermodynamics provides a general framework for the macroscopic description of irreversible microscopic damage processes. Entropy is a macroscopic measure of the disorder number of ways atoms or molecules can be arranged in a given volume. It can be decoupled into reversible and irreversible production inside a closed system. The irreversible entropy production in the closed system is a measure of microscopic disorder. Moreover, energy always flows spontaneously from regions of higher temperature to those of lower temperature, thus it moves from the initial state of order and to a higher level of disorder. It has been shown by Basaran and others [43] [44] [45] [46] that the change in disorder parameter in Boltzmann's equation which relates entropy production to system disorder can be used as a metric for material degradation. A special electromigration damage evolution model was developed by Basaran group, [43] [44] [45] who established a relationship between irreversible entropy production rate and damage of material subjected to electrochemical-mechanical loads. Below we summarize this damage model briefly. Entropy, historically, has often been associated with the amount of order, disorder, and/or chaos in a thermodynamic system. Boltzmann's equation gives the probability of the relationship between entropy production and microscopic disorder in a closed system as follows:
where k is Boltzmann's constant, W is a disorder parameter which gives the number of micro states corresponding to given macro state. The relationship between entropy per unite mass and the disorder parameter is given by the following equation:
where R is universal gas constant, m s is specific mass, and N 0 is Avogadro's constant. By some simple transformation, the disorder function can be written as
Degradation metric is further defined as a ratio of change in disorder parameter with respect to an initial disorder value as follows:
where D cr is the critical damage used to define failure or to map degradation of a material property like elastic modulus to damage parameter D. Entropy production during EM/TM process is generated by several driving forces 
where c is vacancy concentration, C v is vacancy concentration, and D v is effective diffusivity.
Introducing damage into flow function, we obtain F nþ1 ðn; aÞ ¼ jjs
X n , the back stress tensor with material damage is modified as follows:
C. Heat transfer equation
There exist two types of thermal gradients in pulsed electromagnetic field: (1) thermal gradient between current crowding corners and their neighboring areas, caused by unevenly distributed current density; (2) gradient between skin layer and inner part of solders, which is induced by skin effect during time varying current loadings. Skin effect is the phenomenon that current tends to redistribute under variant electromagnetic field. When the frequency of current is above 1 MHz, maximum current density happens at surface of solder joints, and its value decreases exponentially toward the center part. The governing equation of joule heating production and heat transfer is given by
where q is material density, C p is specific heat, k h is coefficient of heat transfer, Q / ðI 2 R þ r : _ e p þ q : FÞ is joule heating generated within conductor, q is vacancy flux defined in Eq. (2),
effective vacancy flux driving force. It can be seen that the joule heating term Q has contributions from electron conduction, viscoplastic deformation, and mass flux. It couples with other governing equations. Since the current density distribution is independent of time varying electric field, thermal gradient driving mass diffusion does not change direction during time varying loading history.
Weak form of partial differential equation (40) is given by
Temperature distribution can be expressed in terms of nodal unknowns as
where ½N is the second order interpolation function. Inserting Eq. (42) into Eq. (41), we obtain
We take account joule heating due to mass diffusion, irreversible deformation, and electric current loading. However, joule heating due to elastic deformation is assumed small. Jacobian components K TT , K Tc , K Tu , and K T / are obtained through differentiation of Eq. (43) as shown below
D. Electrical conduction equation
The electric field in a conducting material is governed by Maxwell's equation of conservation of charge given by ð :
where S is surface of a control volume, n is outward normal to S, J is current density in A=cm 2 . Applying the divergence theorem to convert the surface integral into volume integral, we obtain following electrical conduction equation:
ð :
Weak form is shown as ð :
/ is electrical potential. Assuming isotropic material property, current density can be related to electrical potential as
Substituting Eq. (52) to Eq. (50) gives
Electrical potential term couples with joule heating. The Jacobian matrix components can be derived as
From above discussion, we can see there are four nodal unknowns totally: displacement u, vacancy concentration c, temperature T, and electrical potential /. Eventually, the Jacobian matrix can be expressed as
User defined thermo-electrical-mechanical element (UEL) is shown in Figure 3 . Gauss numerical integration method is used to obtain vacancy concentration, stress, strain, and damage at Gauss integration points. Figure 4 shows the finite element mesh of the flip-chip solder joint used. Lead free SAC405 solder joint has a diameter of 120 lm and stand-off height of 100 lm. Aluminum thin film deposited on the chip has thickness of 2 lm and copper trace at substrate side has a thickness of 10 lm. Blue lines correspond to Under Bump Metallization (UBM) layer. Al interconnect surface is deposited with tri-layer Ti/Cu/Ni UBM layer, while Cu pad of the substrate usually has an electroless plated Au/Ni layer. Au layer is used to prevent oxidation of Cu, and Ni layer is used as a diffusion barrier for copper. As pulsed electrical field is applied between topleft side and bottom-right side, electrons come in from the top aluminum trace, travel through the solder bump and go out from bottom copper trace. Eight node thermal-electricalchemical element used is defined in Figure 2 . Every node has four degrees of freedom: electrical potential, vacancy concentration, temperature, and displacement. For 2-D modeling, each element has 64 degrees of freedom. Al/Cu pads are fixed at top, bottom, left, and right surface. Vacancy transportation is also blocked at fixed boundaries.
III. FINITE ELEMENT MODELING
Square pulsed electric potential load from 0.1 Hz to 100 Hz is applied between the left end of top copper plate and right end of bottom copper plate. Pulse current duty cycle is used as a controlling parameter.
IV. RESULTS AND DISCUSSIONS
Integrated circuits (ICs) carry pulsed direct current under normal conditions, therefore it is important to study the material degradation under PDC. Previous studies on PDC ignored TM effect, but according to research conducted by Basaran group, 6-9,15,16,47-52 thermomigration always accompanies EM in the mass transport mechanism due to the large thermal gradient in solder joints. Figure 4 shows temperature gradient in the solder joint.
Thermal gradient is normally defined as ratio of temperature difference between top and bottom surfaces of solder bumps over the stand-off height. Aluminum thin film is usually deposited to silicon chip, which has a thermal conductivity of 149 W=ðm kÞ and serves as a major heat sink. From Figure 5 , it can be seen that although thin aluminum trace has a larger current density than copper trace does, 
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temperature in aluminum trace is only 343 K. The copper trace at substrate has higher temperature, which makes current crowding corner at copper pad-solder bump the hot spots. As a result, there is a temperature gradient between Al-solder joint corner and solder joint-Cu pad corner. Temperature profile along diagonal A-B is plotted in Figure  6 . 12 K temperature difference is observed between top and bottom solder surfaces, which creates a thermal gradient of 1000 C/cm. Ye et al. 7 have shown that 1000 C/cm temperature gradient sets off thermomigration. Depending on direction of temperature gradient, TM may speed up or slow down the EM process. Thus, the mass diffusion process during pulse current loading is a combined mechanism of both electromigration and thermomigration. Failure may be identified as sudden change of resistivity, crack formation at cathode, extrusion at anode or melting. Melting of solder joint is usually induced by extreme high joule heating, which is not related to electromigration or thermomigration directly.
In most IC's, both ends of copper film are connected to silicon or Tungsten (W) plug which block all the vacancy flux through, hence zero vacancy flux at boundaries is assumed in the simulation. Damage accumulation to a critical value during loading period is used as the failure criteria. Simulation is divided into two steps. In the first step, a coupled thermal-electrical analysis is conducted; current density distribution in x direction, current density distribution in y direction, and temperature field are obtained as a function of time, then the results are used as inputs in the second step. For the second step, vacancy field, reaction force, displacement, and damage accumulation are obtained as a function of time. After getting the maximum damage accumulation in solder joint, we can divide it by pulse period to get the mean time to failure. 53, 54 Figure 7 is the current density profile of our model. It can be seen that current distribution is not uniform, largest current density happens at Albump and bump-Cu interconnection corners, which is one order of magnitude higher than the minimum current density at center of solder. Current density is found to be between 10 4 -10 5 A=cm 2 inside solder and 10 5 -10 6 A=cm 2 in the Al/Cu metal pad. However, since Al and Cu have electromigration tolerance current density of two orders of magnitude higher than SAC solder alloy. As a result, Al and Cu are less of a failure concern than the solder joint. Figure 8 shows the vacancy concentration evolution history at both anode side and cathode side of solder joints subjected to 0.1 Hz PDC loading at maximum current density of 1:75 Â 10 6 A=cm 2 . The maximum current density happens only at current crowding corners, which is typically one order of magnitude larger than the nominal value at the center of the cross section. It can be seen from the figure that vacancy concentration at cathode fluctuates during the loading history, with the average concentration value going up continuously. Vacancy concentration goes up at pulse-on time due to combined effect of electron wind force, thermal gradient, chemical potential, and stress gradient. During pulse-off period, however, the electron wind force term vanishes. Since chemical potential and stress gradient always drive mass diffusion in the opposite direction of electron wind force, diffusion during the current on time is partially healed during the following current off period.
Duty cycle (f) dependence of volumetric stress evolution in anode side is shown in Figure 9 . For PDC, duty cycle (f) is defined as pulse-on time over one complete loading period. Negative value indicates local compressive stress. The volumetric stress is induced directly by vacancy formation or mass hillock, thus similar behavior as vacancy concentration is observed. It can be seen that higher duty cycle induces a larger stress growth rate. At duty cycle of 0.72, compressive stress grows to 7 MPa after 1.5 h of current loading. There is, however, only about 3 MPa stress developed at duty cycle of 0.38, which is less than half of stress at 0.72 duty cycle. Shear stress evolution is shown in Figure 10 . Again, larger duty cycle induces a higher shear stress growth rate. After 1.5 h of 0.1 Hz pulse current loading, 3.9 MPa, 7.5 MPa, and 9.2 MPa shear stresses are developed for duty cycles of 0.32, 0.5, and 0.72, respectively.
In literature, failure due to electromigration is usually defined by vacancy accumulation up to a critical value. [55] [56] [57] Vacancy accumulation results in a reduced effective conducting area and an increased resistance. 52, 58 Damage in this project is defined as disorder accumulation rate due to the irreversible entropy production. Disorder becomes a metric to define the state of the material. Because irreversible entropy production due to multiple factors are additive, this metric works very well as a damage metric. The damage parameter can easily be calculated separately for each direction to make it vectorial. However, we find it extremely difficult to measure anisotropic damage and interaction between directions. Therefore, a scalar damage value is adopted here. Damage evolution history anode side of the solder joint subjected to 0.1 Hz pulse current loading is shown in Figure  11 . Damage grows to 0.9% of D cr after 1.5 h of pulse current loading at duty cycle of 0.72. It corresponds about 1% of degradation. In Figure 12 , each solder joint subjects to 1.5 h of PDC loading at the same current density of j B ¼ 2:0 Â 10 6 A=cm 2 with variable frequencies. X axis is plotted in log scale while Y axis is linear. At lower frequencies, material has more time to heal from thermal damage than at a higher frequency, and results in a smaller damage value. Consequently, higher frequency induces a larger damage accumulation.
V. CONCLUSIONS
In summary, a detailed computational damage mechanics formulation is proposed to model SAC 405 solder electromigration behavior under pulsed DC (Table I) . Mass transport is from anode to the cathode side. Consequently, compressive stress exists at anode side while tensile stress at the other side. Vacancy concentration fluctuations during pulse loading history with the average value growing continuously, which reflects material healing during pulse-off loading period. It is observed that average values of both volumetric stress and shear stress grow exponentially during the pulse current loading history. Larger duty cycle induces a higher stress growth rate. Damage is defined as disorder during current loading over the initial value, by means of accumulation of the irreversible entropy production. Higher duty cycle induces a larger damage growth rate. 
